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a b s t r a c t
The ﬁrst archaeal virus was isolated over 40 years ago prior to the recognition of the three domain
structure of life. In the ensuing years, our knowledge of Archaea and their viruses has increased, but they
still remain the most mysterious of life's three domains. Currently, over 100 archaeal viruses have been
discovered, but few have been described in biochemical or structural detail. However, those that have
been characterized have revealed a new world of structural, biochemical and genetic diversity. Several
model systems for studying archaeal virus–host interactions have been developed, revealing evolu-
tionary linkages between viruses infecting the three domains of life, new viral lysis systems, and unusual
features of host–virus interactions. It is likely that the study of archaeal viruses will continue to provide
fertile ground for fundamental discoveries in virus diversity, structure and function.
& 2015 Elsevier Inc. All rights reserved.
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Introduction
When the ﬁrst issue of Virology appeared over 60 years ago,
archaeal viruses (viruses infecting Archaea) had not yet been
discovered and their future hosts were thought to be bacteria. The
ﬁrst archaeal virus would be described 19 years later by Torsvik and
Dundas (1974) (Fig. 1). Morphologically, the ﬁrst halophages (viruses
infecting halophilic bacteria) resembled the head–tail bacteriophages
known at the time. The reorganization of life into the current three
domain model (Archaea, Bacteria, and Eukarya) was still years away.
Not surprisingly, the ﬁrst archaeal virus was mistaken for a bacter-
iophage of ‘Halobacterium salinarum’ (Torsvik and Dundas, 1974). The
viruses infecting halophilic organisms continued to be discovered
throughout the 1970s and 1980s (Daniels and Wais, 1984; Pauling,
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1982; Schnabel et al., 1982; Torsvik, 1982; Torsvik and Dundas, 1980;
Vogelsang-Wenke and Oesterheld, 1988; Wais et al., 1975). The ﬁrst
virus isolated from a methanogen was reported in 1986 and was
found associated with a culture of Methanobrevibacter smithii
(Bertani and Baresi, 1986). Similar to the halophages, viruses from
methanogens were challenging to isolate due to the difﬁculties
associated with culturing their hosts. Due to the efforts of Wolfram
Zillig and colleagues, several viruses and virus-like particles were
isolated from thermophilic ‘archaebacteria’ (Janekovic et al., 1983;
Martin et al., 1984) (Fig. 1). The ﬁrst thermophilic viruses were
isolated from the sulfur-dependent Thermoproteales and Sulfolo-
bales (Janekovic et al., 1983; Martin et al., 1984). Today, viruses
infecting thermophilic Archaea are some of the best-studied archaeal
viruses because they are relatively easy to isolate and their hosts are
less difﬁcult to culture within a laboratory setting.
Since the ﬁrst archaeal virus discovery in 1974, over 117 archaeal
viruses and virus-like particles have been identiﬁed from diverse
archaeal hosts and from a broad range of environmental settings that
include extreme as well as non-extreme environments (Fig. 2,
Table 1; reviewed in Dellas et al., 2014; Pietila et al., 2014). However,
several factors, including difﬁculties associated with limits to cultur-
ability of archaeal hosts, highlight the fact that we have most likely
just begun to uncover the diversity of archaeal viruses in the
biosphere. The Archaea and their viruses remain the most enigmatic
of life's three domains. Even though the number of known archaeal
viruses is much lower than the number of viruses isolated from
Bacteria and Eukarya, the diversity of virion morphotypes and
genome content is remarkable. Of the 29 archaeal viruses that are
classiﬁed, 15 viral families are represented, most of which needed to
be created so the archaeal viruses could be classiﬁed (Dellas et al.,
2014). In contrast, of the more than 6000 known bacterial viruses,
only 10 viral families are represented with the majority of these
viruses isolated from only three bacterial phyla (Ackermann and
Prangishvili, 2012). Of those bacterial viruses, 96% have tails and
belong to the Caudovirales order (Ackermann and Prangishvili, 2012).
These statistics speak to the high level of diversity (in both genome
Fig. 1. Timeline of important discoveries for Archaea and associated viruses; red
indicates virus discoveries; blue indicates individual viruses sequenced and the
development of virus-host model systems.
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Fig. 2. Phylogenetic tree of the Archaea (http://genome.ucsc.edu; Schneider et al., 2006) showing viral morphotypes isolated from archaeal species. Green represents viral
morphotypes isolated from the crenarchaea and euryarchaea; blue represents viral morphotypes isolated from crenarchaea only; purple represents viral morphotypes
isolated from bacteria and euryarchaea. Euryarchaeal hosts are indicated by red species names and branches, Crenarchaeal hosts are indicated by blue species names and
branches; Thaumarchaeota is represented by orange and Nanoarchaeota is represented by brown.
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and morphology) that is present within the archaeal viruses. Of the
three recognized phyla of Archaea (Euryarchaeota, Crenarchaeota,
Thaumarchaeota) and other candidate phyla (Aigarchaeota, Geoarch-
aeota, Korarchaeota and Nanoarchaeota), the vast majority of viruses
have been isolated from members of the Euryarchaeota and Cre-
narchaeota (Fig. 2). Many viruses replicating in Crenarchaeota exhibit
unusual virion morphologies including bottle-shaped and droplet-
shaped viruses (Arnold et al., 2000a; Haring et al., 2005a); some
complete their maturation by developing tails once released from
their host (Haring et al., 2005b). However, most of all characterized
viruses replicating in Euryarchaeota resemble classical bacterial
viruses with icosahedral heads and clearly deﬁned tail structures
(Atanasova et al., 2012) while the remaining viruses belonging to this
group have unusual virion morphologies suggesting euryarchaeal
viruses may be more diverse than previously thought (Atanasova
et al., 2012; Pietila et al., 2012; Porter et al., 2013).
Archaeal virus–host model systems
Several model systems for archaea have been developed which
have facilitated a greater understanding of these unique organisms.
Table 1
Classiﬁed archaeal viruses. Green indicates viral morphotypes isolated from the crenarchaea and euryarchaea; blue represents viral morphotypes isolated from crenarchaea
only; purple represents viral morphotypes isolated from bacteria and euryarchaea (Arnold et al., 2000b; Mochizuki et al., 2012; Vestergaard et al., 2005).
Viral 
Morphology Family Host Species
Notable 
References
Spindle
Fuselloviridae Sulfolobus, Acidianus, 
Haloarcula, Pyrococcus, 
Aeropyrum, Stygiolobus
and Thermococcus
Krupovic et al. 2014
Bicaudoviridae Acidianus Haring et al. 2005b
Spiraviridae Aeropyrum Mochizuki et al. 2012
Spherical
“Halosphaerovirus” Haloarcula and
Halorubrum
Luk et al. 2014
Porter et al. 2013
Pleomorphic
Pleolipoviruses Haloarcula, Halorubrum, 
and Halogeometricum
Pietila et al. 2012
Head and Tail
Myoviridae Halorubrum, Natrialba, 
Halobacterium,
Haloarcula, and 
Methanobacterium
Pietila et al. 2012
Ackerman et al. 2012
Podoviridae Haloarcula Pietila et al. 2012Ackerman et al. 2012
Siphoviridae Haloarcula Pietila et al. 2012Ackerman et al. 2012
Bottle Ampullaviridae Acidanus Haring et al. 2005a
Bacilliform Clavaviridae Aeropyrum Mochizuki et al. 2010
Droplet Guttaviridae Sulfolobus and Aeropyrum
Arnold et al. 2000a
Mochizuki et al. 2011
Linear
Lipothrixviridae Acidianus and Sulfolobus Arnold et al. 2000b
Rudiviridae Sulfolobus, Stygiolobus, 
and Acidianus
Prangishvili et al. 1999
Vestergaard et al. 2005
Spherical Globulaviridae Pyrobaculum andThermoproteus
Ahn et al. 2006
Haring et al. 2004
Icosahedral “Turriviridae” Sulfolobus Rice et al. 2004Happonen et al. 2010
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There are several genetic systems that have been developed for
archaeal organisms, including methanogens [Methanococcus and
Methanosarcina (Leigh et al., 2011)], halophiles [Halobacterium sali-
narium and Haloferax volcanii (Leigh et al., 2011)], and thermophiles
[Thermococcus kodakarensis (Atomi et al., 2004; Morikawa et al.,
1994), Pyrococcus abyssi (Lucas et al., 2002), Sulfolobus solfataricus
(Worthington et al., 2003), and Sulfolobus acidocaldarius (Reilly and
Grogan, 2001)]. Insights into archaeal virology have been gained by
examining these systems. In particular, examination of halophiles
and their associated viruses have provided insights into archaeal viral
promoters, transcription and replication. SH1 is a lytic virus fre-
quently isolated from halophilic environments and its gene expres-
sion has been assayed (Porter et al., 2008). It was determined that
viral genes can be classiﬁed as early and late transcripts, similar to
other archaeal viruses (for example, SSV1 (Frols et al., 2008)). It was
also concluded that, like bacteriophages in Bacteria, de novo protein
synthesis is essential for SH1 gene regulation (Porter et al., 2008).
Furthermore, and again similar to some bacteriophages and to
adenoviruses, this virus is thought to employ protein-primed DNA
replication (Porter et al., 2008). Viral promoters have also been
studied using halophilic model systems (Porter et al., 2013). By
comparing two halophilic viral genomes (PH1 and SH1), promoter
sequences were identiﬁed that were shared between the two viruses
(Porter et al., 2008). This result was signiﬁcant because in compar-
ison to Bacteria and Eukarya, we still know little about gene
expression in the Archaea.
However, these host genetic systems lack comparable genetic
systems for the viruses that infect them. Indeed, developing model
systems for studying archaeal virus–host interactions is challenging,
and these systems have only been developed for three archaeal virus–
host systems. The archaeal viruses that have been developed into
model systems are Sulfolobus spindle-shaped virus 1 [SSV1; (Stedman
et al., 1999)], Sulfolobus islandicus rod-shaped virus 2 [SIRV2;
(Prangishvili et al., 1999)], and Sulfolobus turreted icosahedral virus
[STIV; (Wirth et al., 2011)]. The availability of these archaeal virus–
host model systems has resulted in a better understanding of gene
function (Clore and Stedman, 2007; Snyder et al., 2011b; Stedman et
al., 1999; Wirth et al., 2011), gene expression (Frols et al., 2008;
Okutan et al., 2013; Ortmann et al., 2008), protein structures [STIV
(Dellas et al., in preparation; Happonen et al., 2013; Khayat et al.,
2005; Larson et al., 2007a, 2007b, 2006; Rice et al., 2004; Veesler et
al., 2013); SSV1 (Kraft et al., 2004a, 2004b; Stedman et al., 2015; Hong
et al., 2015); SIRV (Szymczyna et al., 2009)], the development of viral
shuttle vectors (Stedman et al., 1999; Wirth et al., 2011), and
differential protein expression (Maaty et al., 2012). However, since
all of these genetic systems are based exclusively on Sulfolobus host
species, we have only a very limited understanding of the range of
host–virus interactions in archaeal viruses.
Perhaps one of the best studied archaeal virus–host systems is
the STIV-Sulfolobus model system (Brumﬁeld et al., 2009; Dellas
et al., in preparation; Fu and Johnson, 2012; Fu et al., 2010; Khayat
et al., 2010, 2005; Larson et al., 2007a, 2007b, 2006; Maaty et al.,
2006, 2012; Ortmann et al., 2008; Rice et al., 2004; Snyder et al.,
2011a, 2011b, 2013a, 2013b; Veesler et al., 2013; Wirth et al., 2011).
Even though a complete archaeal virus replication cycle has not
been solved, several steps of the STIV replication cycle have been
described (Brumﬁeld et al., 2009; Dellas et al., in preparation; Fu
et al., 2010; Happonen et al., 2013; Snyder et al., 2011b, 2013b).
Recently, it was discovered that in order to complete its replication
cycle, STIV utilizes cellular ESCRT (Endosomal Sorting Complex
Required for Transport) proteins (Snyder et al., 2013b). These
proteins have been found to be essential to the replication cycle
of several eukaryotic viruses, such as Ebola, HIV1, and HBV (Carlton
and Martin-Serrano, 2007; Martin-Serrano et al., 2001; Watanabe
et al., 2007). The discovery that STIV utilizes these proteins during
its replication cycle is important for two reasons: (i) it suggests that
these cellular proteins were present prior to the split of the Archaea
and Eukarya, and (ii) it is the ﬁrst example of a fundamental process
of viral replication that was conserved between viruses infecting
different domains of life (Snyder et al., 2013b).
The process of STIV virion assembly and genome packaging has
also been examined (Dellas et al., in preparation; Fu et al., 2010;
Happonen et al., 2013). Based on the crystal structure of a virus-
encoded NTPase and genetic analysis of the viral genome, a model
of the assembly of this virus has been developed and it shows
similarity to viruses from other domains of life (i.e. the bacterioph-
age, PRD1) (Happonen et al., 2013). The STIV assembly pathway is
hypothesized to parallel the bacterial virus PRD1 pathway. This
provides yet another linkage of archaeal viruses to viruses that
infect the other domains of life (Dellas et al., in preparation;
Happonen et al., 2013). By studying the STIV replication cycle, we
have not only established links between the structures of viruses
infecting the different domains of life, but also links in fundamental
viral processes between the domains of life. This information will
undoubtedly contribute to our understanding of mechanisms by
which these viruses have evolved.
Ecological niches occupied by Archaea and their viruses
The majority of archaeal viruses have been isolated from two
types of habitats: extreme geothermal environments and hypersaline
environments where archaea tend to dominate over bacteria and
eukaryotes. It has been proposed that archaea have evolved to
survive in chronic energy stressed environments which allows them
to prevail over bacteria in such conditions (Valentine, 2007). This
may partially explain why currently there are no eukaryotic viruses
isolated from either hypersaline or extreme thermophilic environ-
ments (Dellas et al., 2014). Although there are no eukaryotic viruses
isolated from hypersaline environments, new evidence reveals
bacterial viruses isolated from hypersaline environments (Aalto
et al., 2012; Garcia-Heredia et al., 2012). For example, a bacteriophage
isolated from the halophilic bacterium Salisaeta longa is very similar
to the other viruses found in the PRD1-adenovirus lineage (Aalto et
al., 2012). This exciting result further strengthens the PRD1-
adenovirus structural lineage that contains several viruses infecting
organisms in each of the three domains of life. Additionally, many
species of mesophilic archaea can thrive under moderate environ-
mental conditions but where chronic energy stress still prevails.
Indeed, it is likely we will begin to isolate viruses from mesophilic
archaea. Recently, a prophage was sequenced in the genome of a
nitrogen-oxidizing archaeon (Krupovic et al., 2011) indicating that
viruses infect phylogenetically diverse archaeal organisms. Collec-
tively, archaea are now recognized as a major part of global
ecosystems, contributing up to 20% of the total biomass on earth
(Chaban et al., 2006; DeLong, 1992; Fuhrman et al., 1992) and it is
likely that viruses infect archaea from all environments, even though
known archaeal viruses only infect extremophiles.
A view of an archaeal/virus dominated environment: A YNP
acidic hot spring
An advantage of examining high temperature (480 C) acidic
(pHo4) environments is that they tend to be relatively simple
microbial communities dominated by archaea and their viruses
(Schoenfeld et al., 2008). This simplicity allows an examination of
the central role that viruses play in causing disease, controlling
microbial community composition and structure, and driving evolu-
tion. Furthermore, it allows examination of how the dynamic inter-
play between organisms and their viruses inﬂuence the generation
and maintenance of biodiversity in a natural environment. For
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example, the temporal analysis over a time period of years of a single
acidic hot spring within Yellowstone National Park has revealed a
relatively simple microbial community were 97% of cells were
archaeal, 3% were bacterial, and no eukaryotic rDNA sequences were
detected (Bolduc et. al., in press). All rDNA sequences grouped into
eight archaeal phylotypes and one bacterial phylotype, which repre-
sented a cellular community composition that was relatively stable
over several years. In a parallel analysis, the virus community was
also found to be relatively simple and dominated by archaeal viruses
(Bolduc et. al., in press). Network analysis indicates that there are 110
DNA viruses and 9 RNA viruses present in same hot springs, most of
which are likely new archaeal viruses (Fig. 3; Bolduc et. al., in press).
Interestingly, the majority of RNA viral genomes do not contain a
recognizable RNA-dependent RNA polymerase (RdRp). In those
genomes that do have recognizable RdRps, they appear to be quite
distinct from RdRps present in RNA viruses replicating in eukaryotic
or bacterial hosts (Bolduc et al., 2012).
Contributions of archaeal virology
Besides greatly expanding our appreciation of the diversity
within the virosphere in general, there have been at least three
major contributions of archaeal virology to date. First, the discovery
of archaeal viruses has revealed a number of unique morphologies
not seen in viruses associated with bacteria or eukarya (Fig. 2 and
Table 1). These include archaeal viruses that infect Crenarchaeotal
hosts with virion morphologies that includes bottle-shaped
[Ampullaviridae; (Haring et al., 2005a)], spindle-shaped short tail-
like appendages [Fuselloviridae; (Palm et al., 1991; Peng, 2008;
Rachel et al., 2002; Redder et al., 2009; Stedman et al., 2003;
Wiedenheft et al., 2004)], spindle-shaped with long tail-like
appendages [unclassiﬁed; (Erdmann et al., 2014, 2013; Mochizuki
et al., 2011; Xiang et al., 2005)] droplet-shaped with beard-like
ﬁbers [Guttavirdae; (Arnold et al., 2000a; Mochizuki et al., 2011)],
coiled shaped [Clavaviridae; (Mochizuki et al., 2010)]; spherical
[Globuloviridae; (Ahn et al., 2006; Haring et al., 2004)], and even
some that are able to grow tails once released from their host
[Bicaudaviridae; (Haring et al., 2005b)]. Interestingly, to date, no
classical head–tail virus morphologies have been described that
infect Crenarchaeota hosts. It is possible that head-and-tail virus
morphotypes have not been isolated from archaeal hosts because
this morphology is not stable in extreme environments, such as
high temperature and low pH, and the life cycle of a typical head-
and-tail phage results in the lysis of the host cell. This may not be
the best strategy for the virus to survive in extreme conditions.
Most characterized viruses replicating in Euryarchaeota have icosa-
hedral heads and helical tails (Atanasova et al., 2012) while the
remainder have several unusual virion morphologies, including
pleomorphic structures. The reason for this apparent demarcation
Fig. 3. A visualization of the archaeal virus community present within a single Yellowstone hot spring determined by network analysis (Bolduc et. al., in press). A total of 110
DNA viral community members are estimated. The network is based on an all-verses-all BLAST analysis of viral metagenomic datasets from the hot springs. Each viral group
is assigned a unique color.
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between viruses infecting Crenarchaeota and Euryarchaeota hosts is
unknown. Undoubtedly more unique viral morphologies will be
uncovered as more archaeal viruses are discovered.
Some viral morphotypes appear to only infect archaeal species,
such as the large spindle-shaped morphology isolated from both
crenarchaeal and euryarchaeal hosts (Acidianus two-tailed virus
(ATV), Sulfolobus tengchongensis spindle-shaped virus 1 (STSV1) and
2 (STSV2), Aeropyrum pernix spindle-shaped virus (APSV1), and
Sulfolobusmonocaudavirus (SMV1); Fig. 2). These spindle viruses have
dimensions greater than 100 nm in width and 150 nm in length and
contain the largest archaeal virus genomes known to date (48–71 kB).
Many of the these spindle viruses share a common four-helix bundle
capsid protein structure suggesting a common origin of these viruses
prior to the separation of the crenarchaea and euryarchaea phyla. A
comparison of the genome content indicates that there are an
additional nine shared genes among the large spindle shaped viruses
(Krupovic et al., 2014). Among these are likely integrases, thymidylate
synthases, and ATPases possibly involved with tail formation. Unlike
the head–tail morphologies associated with bacteriophages (Caudovir-
idae virus family) and some archaeal viruses (Myoviridae, Podoviridae,
and Siphoviridae families), the large spindle viruses tail appears be a
continuous unit between the head and its tail that is likely made up of
same or set of limited set of structural proteins. Many of the tail
structures have distinct tail ﬁbers extending from their ends likely
involved with attachment to their hosts (Krupovic et al., 2014).
Second, structural analysis of archaeal viruses has contributed to
the concept of multiple ancient viral lineages that may have formed
before the separation of the present day three domains of life
(Ortmann et al., 2006). The major capsid protein (MCP) from two
archaeal viruses showed signiﬁcant structural similarity to MCPs from
viruses infecting other domains of life. The ﬁrst example is the MCP
structure of STIV, despite showing little or no homology at primary
amino acid level (Dellas et al., 2014; Khayat et al., 2005; Rice et al.,
2004). The STIV MCP adopts a ‘double jelly roll fold’ whose three
dimensional structure is a double β-barrel (Khayat et al., 2005;
Richardson, 1981). This structure has been identiﬁed in viruses
infecting organisms from all domains of life (Benson et al., 1999;
Nandhagopal et al., 2002) that also share similar virion morphology,
an internal lipid membrane, and a conserved ATPase gene (Happonen
et al., 2013, 2010; Maaty et al., 2006; Stromsten et al., 2005). The
second example of a viral lineage with representatives from all three
domains of life is represented by the MCP with a HK97-fold. The MCP
from the head–tailed archaeal virus, HSTV-1 (Haloarcula sinaiiensis
tailed virus 1), infecting Euryarchaeota share the same HK97-fold as
observed for tailed bacteriophages and eukaryotic herpesviruses
(Baker et al., 2005; Krupovic et al., 2010; Pietila et al., 2013). These
observations suggest that the viral universe can be organized into a
limited number of virion-structure-based lineages (Bamford et al.,
2005). One can also hypothesize that within theses viral lineages,
common virion assembly pathways are shared. These discoveries
directly facilitated the ability to draw comparisons between viruses
infecting hosts from the three domains of life. The majority of archaeal
virion structural studies have been performed on virion morphologies
represented across multiple domains of life. It will be interesting to
investigate the structural compositions of archaeal viruses that form
morphologies not found in the other domains of life. We hypothesize
this will likely lead to the discovery of new structural motifs that
assemble into unusual particle morphologies.
A third major contribution has been the discovery of a new virion
release mechanism from infected cells. Initially, archaeal viral release
strategies were delineated based on host phylum; euryarchaeal
viruses were lytic (Dellas et al., 2014; Santos et al., 2010) while
crenarchaeal viruses were non-lytic (Dellas et al., 2014; Pina et al.,
2011; Snyder et al., 2003) releasing from chronically infected cells by
a poorly understood budding mechanism(s) that typically does not
signiﬁcantly affect host growth. Recently, the lysis pathway for two
lytic crenarchaeal viruses has been described that included formation
of remarkable lysis structures (Fig. 4) not previously seen in other
viral systems. During both STIV (Brumﬁeld et al., 2009; Snyder et al.,
2013a, 2011b) and SIRV2 (Bize et al., 2009; Daum et al., 2014; Quax et
al., 2010, 2011) infection, seven-sided pyramid–like structures are
produced that typically extend 20–150 nm above the surface of the
cell (Bize et al., 2009; Brumﬁeld et al., 2009; Daum et al., 2014).
During lysis, the seven leaﬂets of the pyramid open like petals of a
ﬂower producing 100 nm holes through which newly formed virus
particles exit the cell. The production of the pyramid structures is
solely dependent on a single viral protein [C92 in STIV (Snyder et al.,
2011b) and P98 in SIRV2 (Quax et al., 2011)]. Even though these two
viruses are otherwise unrelated, these proteins are functionally
identical and share 54% identity on the amino acid level (Snyder
et al., 2013a). The creation of chimeric proteins resulted in the
production of pyramid lysis structures in a heterologous expression
system; however, the chimeric proteins did not result in a productive
viral infection (Snyder et al., 2013a). This result indicates that there
are other control elements involved during virus replication that
have yet to be discovered (Snyder et al., 2013a). Based on a survey of
several viral and cellular metagenomes available from Yellowstone
National Park (YNP), it is reasonable to assume that this lysis system
is not unique to these two viruses, but may be widespread within the
domain Archaea (Snyder et al., 2011a).
A recent model for pyramid assembly and opening during
SIRV2 infection proposes that the P98 protein N-terminal trans-
membrane helix segment inserts into the cell membrane, with its
C-terminus facing into the cytoplasm (Daum et al., 2014). The
pyramids lack the overlaying proteinaceous cellular S-layer and
have a thicker cross-section than the cytoplasmic membrane,
indicating a different protein and/or lipid composition (Daum
et al., 2014; Fu et al., 2010). At present it is unclear how pyramid
formation disrupts the overlaying S-layer, what controls the size of
the pyramids or the process that controls pyramid opening. It has
recently been shown that the Sulfolobus ESCRT-III-like system is
required for STIV infection and may play a role in pyramid opening
and/or virion assembly (Snyder et al., 2013b).
The future of archaeal virology: remaining questions and
challenges
The future of archaeal virology will undoubtedly result in many
discoveries that will expand our understanding of the virosphere
and the role of archaeal viruses in the ecology of diverse natural
Fig. 4. Pyramid lysis structures (indicated by the white arrows) on the surface of
STIV-infected Sulfolobus cells. Bar indicates 200 nm.
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environments. We believe the following areas of interest will be
critical in further advancing the ﬁeld of archaeal virology.
Developing a more comprehensive understanding of archaeal virus
diversity
As illustrated in Fig. 2 our current understanding of archaeal virus
diversity comes from a fairly limited number of archaeal hosts. Most
studies to date have focused on archaeal viruses from extreme
environments (e.g. high temperature, high salinity environments).
However, we know that archaea are present in much broader range
of environments from marine environments, (Anderson et al., 2014;
Iverson et al., 2012), to soils (Bates et al., 2011; Stahl and de la Torre,
2012), to the human gut (Hoffmann et al., 2013; Schloissnig et al.,
2013). We know little about the archaeal viruses from these
environments. It is apparent that by exploring more natural environ-
ments, we will uncover more novel organisms and associated
viruses, as well as previously undescribed viral mechanisms.
Develop an understanding of how archaeal viruses contribute to the
structure and function of microbial communities and thereby
inﬂuence both the ecology and evolution of microbial communities
It is no surprise that viruses have the capability to greatly
inﬂuence the structure, composition and function of their host
population(s). These ecological studies tend to be problematic in
that microbial communities can be very complex with hundreds to
thousands of different species within a particular environment. This
situation becomes even more complex considering that in many
environments (for example, marine), viruses out number their hosts
10–100 viruses per host cell (Fuhrman, 1999). Many habitats
populated by archaea and their viruses are extreme, and therefore,
the microbial population tends to be quite simple (in terms of
species number). Moreover, in extreme environments the number
of viruses per host cell is quite reduced (typically 10–100 times
fewer viruses) (Bolduc et al., 2012, in press; Snyder et al., 2010). In
high temperature hot spring environments, the only predator–prey
interactions typically occurring are host–virus interactions. In that
sense, archaea and their associated viruses provide a unique
opportunity to directly examine the role of viruses in the ecology
and evolution of microbial communities. By the analysis of archaeal
host and virus populations in their natural environments, we have
an opportunity to study complex ecological questions comprehen-
sively by analyzing at both the population scale through viral
metagenomics and at the individual cell level using single cell
genomic approaches. The detailed examination of archaeal virus
communities will likely expand our appreciation of the full spec-
trum of interactions that viruses can exert on their hosts from lytic
pathogenic interactions to beneﬁcial infections during chronic
infections. For example, it was recently reported that the interac-
tions between a Sulfolobus host RJW002 and the archaeal virus SSV9
lead to a novel population-level outcome: virion contact without
infection that induced a population-wide stasis or dormancy
response, where the majority of cells were viable but not actively
growing (Bautista et al., in press). Furthermore, by gaining an
understanding of the principles of how archaeal viruses inﬂuence
their host populations, we can apply this knowledge to the under-
standing of other more complex microbial populations.
Advance cultivation and molecular techniques to link archaeal viruses
to their hosts
A challenge in the ﬁeld of archaeal virology is closing the
environmental viral metagenomic loop. The challenge is to
improve existing tools and to develop new approaches in order
to move rapidly from analysis of environmental viral nucleic acid
sequences to identiﬁcation and isolation of virions associated with
environmental sequences, to identiﬁcation of hosts infected by
viral genome types directly in environmental samples. There are
several examples of complete archaeal viral genomes assembled
directly from deep sequencing of archaeal dominated environ-
mental samples; however, it is currently a challenge to link these
sequences to a virus particle morphology and a host organism.
Recently, virus–host pairs were identiﬁed from environmental
samples using single-cell genomics (Martinez-Garcia et al., 2014).
In a similar approach, we have utilized the analysis of the CRISPR/
Cas loci derived from single cell genomics from archaeal domi-
nated hot springs to link viral genomes detected by viral metage-
nomics to their hosts. Other approaches developed in marine
systems such as viral tagging (Deng et al., 2012, 2014b) and FISH
tools (Allers et al., 2013; Sheik et al., 2014) provide a direct and
rapid means to link virus types to their hosts in natural systems.
Further advances will likely result in the development of novel
techniques to temporally monitor total virus infection in natural
environments. In addition, innovative cultivation techniques will
be required to maintain these unique organisms within a labora-
tory environment. However, the results of these developments will
prove crucial to further understanding this unique domain of life.
Understanding archaeal virus gene function
The majority of predicted archaeal virus gene products have no
known function, contributing to what has been popularly referred
to as the biological ‘dark matter’ (Makarova et al., 2014; Martinez-
Garcia et al., 2014). While this ‘dark matter’ is not unique to archaeal
viruses, it is more pronounced in archaeal genomes as compared to
bacteriophage and eukaryotic viral genomes. New tool develop-
ment, combined with more traditional biochemical, genetic and
structural analysis will contribute to the expanded understanding of
archaeal virus gene function. In addition, it is highly likely that non-
protein coding nucleic acid sequences also play a critical role in
archaeal virus function, which is a virtually unexplored topic in
archaeal virology.
Gain a more detailed understanding of archaeal virus structures
We have obtained a deeper understanding of the evolution of
life by examining archaeal virus structures. By comparing archaeal
viruses to viruses infecting bacteria and eukarya, we have made
connections between viruses infecting all three domains of life
(Dellas et al., in preparation; Happonen et al., 2013; Khayat et al.,
2005; Maaty et al., 2006; Rice et al., 2004). This connection has led
to a fundamental change in the understanding of the evolution of
viruses. Structural analysis of capsid proteins from several archaeal
viruses also reveals a four-helix bundle domain that is shared
among diverse virus types (Dellas et al., 2013). Likewise, structural
analysis of the STIV virion associated ATPase complex likely
involved in genome packaging shows structural similarities of
packaging ATPase in diverse viruses systems in other domains of
life. Recently, cryo-EM image analysis and reconstruction of SSV1
and His1 indicate possible sites on the virion for host recognition
and attachment as well possible virion assembly strategies
(Stedman et al., 2015; Hong et al., 2015). It will interesting to
determine if the large tailed spindle viruses represent a funda-
mentally new type of virion structure not seen in any other virus
system. However, to date, most structural studies have been
limited to viruses infecting Sulfolobales hosts. It is likely that
comprehensive structural studies to include more diverse archaeal
viruses will result in even further expansions in our understanding
of virus and host evolution. We will certainly uncover more unique
virion structures with the discovery of more archaeal viruses.
These results will lead to a better understanding of viral evolution,
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and more than likely, a better understanding of the evolution of
the three domains of life.
Expand our understanding archaeal virus replication cycles and Host-
virus interactions
We have a limited understanding of the replication cycle of a few
archaeal viruses (STIV, SIRV2, SSV1, ATV, His1). We predict that by
examining the details of the complete replication cycle of a diversity
of archaeal viruses, we will discover additional unique features of
archaeal viruses and their hosts' lifestyles. In particular, we know
little of virus entry, assembly, and of the role of host components
involved in archaeal virus replication cycles. Recent studies indicate
that SIRV attachment and likely virion DNA entry into its host is via
attachment to the host's pili (Deng et al., 2014a), in a mechanism that
may mimic bacteriophage. Furthermore, we may uncover novel
proteins and/or pathways that have as of yet to be discovered.
Unquestionably, it is a wide-open scientiﬁc frontier for archaeal
virology.
Another area of increasing interest is the CRISPR/Cas defense
system in archaea. This system is a prokaryotic defense mechanism
employed by cellular organisms to defend against invading nucleic
acids, i.e. plasmids and viruses. These defense systems are phylo-
genetically and functionally diverse; however, they all follow the
same general mechanism (Sorek et al., 2013). The CRISPR system
plays a role in controlling the equilibrium between prokaryotic
populations and their parasites. Surprisingly, about 90% of all
sequenced archaeal genomes contain CRISPR/Cas sequences com-
pared to only 50% of sequenced bacterial genomes (Sorek et al.,
2013). The discrepancy in the presence of the CRISPR/Cas system
between archaeal and bacterial populations is currently unknown.
We suspect by expanding the understanding of the role of the
CRISPR-mediated immune system within archaea, we will further
elucidate host-virus interactions within the environment.
Conclusions
In the 40 years since the isolation of the ﬁrst archaeal virus, we
have made great strides in understanding the viruses that infect
this unique domain of life. The ﬁeld of archaeal virology is quickly
advancing in part due to better cultivation techniques, the avail-
ability of environmental DNA sequencing technology, and the
development of host–viral genetic and biochemical systems for
exploring archaeal virus diversity and function. The next 40 years
of archaeal virology will certainly result in even more scientiﬁc
surprises and discoveries that will greatly enhance our under-
standing of the virus world.
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